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ABSTRACT
Flexural properties, internal bond strength, and dimensional stability of medium density fiberboard
(MDF) panels made from three hybrid poplar (Populus spp.) clones with codes 915303, 915311, and
915313 were studied. Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were both
performed in this study to test the differences in modulus of rupture (MOR) and modulus of elasticity
(MOE) of MDF panels made from the three poplar hybrids. Results indicate that MOR of MDF panels
made from clone 915311 was significantly higher than those of panels made from clones 915303 or
915313; however, there was no significant difference in MOR between panels made from clones 915303
or 915313. MOE of MDF panels made from clone 915311 was the highest value, which was significantly
different from those of panels made from either clones 915303 or 915313; MOE of panels made from
clone 915303 was the smallest and significantly lower than those of panels from clone 915313. MDF
panels made from both clones 915303 and 915311 were superior to those panels made from clone 915313
in internal bond (IB) strength; but there was no significant difference in IB between panels made from
clones 915303 or 915311. Dimensional stability of MDF panels was evaluated by linear expansion (LE),
thickness swell (TS), and water absorption, and no significant differences were found among the three
types of panels. This study shows a significant effect of hybrid poplar clonal variation on flexural
properties and internal bond strength. This suggests that improvements in MDF panel flexural properties
and internal bond strength may be made through tree breeding. Additionally, panel density was a factor
influencing MDF panel MOR and MOE considerably; as significant linear relationships between MOR,
MOE and panel density were determined.
Keywords: Fiberboard, hybrid poplar, modulus of rupture, modulus of elasticity, internal bond, linear
expansion, thickness swell, water absorption.
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INTRODUCTION
An increase in the production of composite
panels in recent years has demonstrated a grow-
ing market with a constant and huge demand for
raw material. The materials for papermaking and
composite panel manufacturing have been pri-
marily and conventionally coming from soft-
wood species such as pine, spruce, fir, etc. How-
ever, a shortfall in softwood supply is currently
being faced by these industries. Recently, forest
products companies in Canada and the United
States have become interested in fast-growing
species as potential replacements for softwood
chips to sustain raw material supply.
Hybrid poplar (Populus spp.) is a hardwood
species with a high growth rate and short rota-
tion, which can be expected to produce a prom-
ising wood fiber source with high yields (Dix et
al. 1999; Cisneros et al. 2000). In Alberta, five
major pulping projects have been conducted re-
cently using aspen resources (Cisneros et al.
2000). Hybrid poplar has also been studied for
its potential as a raw material substitute in com-
posite panel products. In fact, the advantages of
using hybrid poplar as softwood substitution for
composite panel making include not only high
wood fiber yields, but also good performance of
the end products. Geimer (1986) studied the
properties of structural flakeboard panels manu-
factured from poplar, tamarack, and pine. Re-
sults indicate that modulus of rupture (MOR),
modulus of elasticity (MOE), thickness swell
(TS), and linear expansion (LE) of the flake-
boards made from tamarack and pine were infe-
rior to those of panels made from poplar. Short
rotation and intensively cultured hybrid poplar
was also investigated as a possible raw material
source for hardboard (Myers and Crist 1986).
Hardboard panels were tested for strength prop-
erties and dimensional stability, and results in-
dicate that hybrid poplar is a suitable raw mate-
rial for hardboard manufacturing. Moreover,
high bending and internal bond (IB) strength and
low TS of MDF panels made with 19-year-old
poplar wood bonded with either a melamine-
reinforced urea-formaldehyde (UF) resin, a tan-
nin-formaldehyde resin, or a polymeric diiso-
cyanate (PMDI) resin were also reported (Rof-
fael and Dix 1994). The better performance of
composite panels made from poplar wood may
be due to its wood and fiber characteristics. As
we know, poplar wood is low in density, thus
causing relatively high compaction ratio that has
been reported to lead to superior panel strength
properties (Maloney 1993; Hsu 1997; Peter et al.
2002; Shi et al. 2005). The thin-walled fiber can
be packed better during pressing, which will re-
sult in more gluelines per unit panel thickness.
The requirements of wood fiber characteris-
tics for diverse end uses are different (Zhang et
al. 1997). For some applications such as lumber,
construction, and plywood, low density wood is
not preferred because of the low strength prop-
erties of such wood. On the contrary, some stud-
ies showed advantages of using light wood spe-
cies for fiberboard making (Nelson 1973; Wood-
son 1976). On the other hand, it has been known
that wood and fiber properties (e.g. wood den-
sity, and fiber cell-wall thickness) can be af-
fected by genetic control on hybrid poplar trees
(Ivkovich 1996; Law et al. 1997; Xing 2000;
Cisneros et al. 2000; Savita 2001). Nevertheless,
very little attention has been paid to genetic ma-
nipulation and selection of poplar trees just right
for specific end uses. Only few studies on using
wood and fiber produced from genetically ma-
nipulated poplar trees as raw material for com-
posite panels manufacturing were found in the
literature. Geimer and Crist (1980) investigated
the properties of structural flakeboard panels
made from five hybrid poplar clones. It was
found that the clonal variation had an effect on
structural flakeboard panel properties; some
panels performed better than the others depend-
ing on furnish origins. Peter et al. (2002) studied
the flexural properties, IB, density, water ab-
sorption, and TS of OSB panels made from
eleven hybrid poplar clones. The flexural prop-
erties of OSB panels made from some clones
appeared superior to those of panels made from
others. It was concluded that poplar hybrids
showed great promise for use in structural panel
products because of superior flexural and IB
properties.
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Generally, wood density is believed to be the
most important wood characteristic in determin-
ing final panel properties; the basic requirement
of raw materials for making panels with accept-
able properties is a relatively low wood density
(Maloney 1993; Hsu 1997; Woodson 1976). Ba-
sically, low density wood is easier to consolidate
into target thickness. As a matter of fact, at the
same panel density, compaction ratio of panels
made from low density wood is always higher
than that of panels made from heavier wood.
Compaction ratio is of importance as well-
bonded panels are primarily associated with high
compaction ratios (Maloney 1993; Hsu 1997).
Shi et al. (2005) reported that properties of MDF
panels made from black spruce juvenile wood
were significantly superior to those of panels
made from mature wood, explained that it was
due to the low density of juvenile wood.
In this study, laboratory MDF panels were
manufactured from three hybrid poplar clones
and these panels were evaluated for flexural
properties, internal bond strength, and dimen-
sional stability. We intend to examine differ-
ences existing in properties of MDF panels made
from these three clones. The information derived
from this study is essential to assist in poplar
genetic and breeding programs.
MATERIALS AND METHODS
Material collection and preparation
The material for this study came from a hy-
brid poplar clonal trial established by the Forest
Research Branch of the Québec Ministry of
Natural Resources in St-Ours, Southern Québec,
Canada in 1993. The poplar trees were planted at
1.5- × 3.5-m spacing at this site, which is a part
of the Champlain marine deposit with a rich
salty-clay soil (40% clay). A systematic thinning
was carried out in the spring of 1996 and the
spacing after the thinning was 2.5 × 3.0 m
(Zhang et al. 2003). Four trees from each of
three clones with codes 915303, 915311, and
915313, coming from a hybrid family of P.
maximowiczii and P. balsamifera, were har-
vested from this site in December 2002 at an age
of 9 years. Butt logs of the three poplar hybrids
were selected and debarked, and subsequently
chipped using a portable chipper. Wood chips
were collected, pooled by poplar clone, and then
refined in a pressurized disc refiner located at
the pilot plant of Forintek Canada Corp. Refin-
ing was processed without wax and resin injec-
tion. Moisture contents of the wood chips in the
pre-steaming bin for clones 915303, 915311,
and 915313 were 39.0%, 44.0%, and 40.0%, re-
spectively. Specific refining energy for clones
915303, 915311, and 915313 were 134 kWh/t,
121 kWh/t, 125 kWh/t, respectively. To prevent
fibers converted from different clones from mix-
ing, 30 min of transition time was allowed be-
tween the three types of clonal wood materials
while refining, and the fibers produced in the
transition time period were discarded.
Panel manufacturing
Fibers generated from the three poplar clones
were dried in a laboratory-scale dryer until the
moisture content reached 2–3%. Then, fibers
were passed through a hammer mill to fully
separate the fibers from each other. Since almost
all panel properties can be improved by means
of increasing resin content (Maloney 1993),
therefore in this study, resin was blended into
the fibers at a relatively low level so as not to
conceal any effect of clonal variation on MDF
panel properties. Thus, 10% (by weight of dry
fiber) Borden 302 urea-formaldehyde (UF) resin
(65% solid content, no catalyst added) was first
diluted, and then slowly sprayed onto the fibers
using a laboratory-scale blade blender. At the
same time, 0.5% wax was blended together with
the fibers. No other additives were added into
the furnish. Resin- and wax-blended fibers were
passed through the hammer mill once again to
disperse fiber balls. The average moisture con-
tents of the fibers after wax and resin blending
were 10.7%, 11.7% and 12.3% for the clone
order listed previously, respectively. Mats were
hand-formed immediately in a wood frame with
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size 610 by 610. All panels were manufactured
at a target density of 740 kg/m3 at the pilot plant
of Forintek Canada Corp. Target panel thickness
was 12 mm. Panels were pressed under the same
schedule, which consisted of a closing period of
160 s, maintained pressure for another 160 s, and
gradual relief of pressure over 40 s. The tem-
perature of the two platens was set at 135°C.
Due to the fact that panel density profile through
thickness is one of the most important factors in
determining properties of composite panels
(Suchsland and Woodson 1974; Kelly 1977;
Harless et al. 1987; Winistorfer et al. 1996;
Wang et al. 2001), the press schedule was de-
signed to realize flatter and similar panel density
profiles, which can result in reduction of varia-
tions in panel properties caused by different den-
sity profiles. Three replicate panels were made
for each poplar clone. Panels were trimmed im-
mediately after pressing.
Panel property testing
All MDF panels were kept for conditioning in
a chamber at 22°C and 65% relative humidity
(RH) for at least 4 weeks until the panels
reached a constant moisture content equilibrium.
Testing of MOR, MOE, IB, LE, TS, and water
absorption was carried out in accordance with
the standard methods of ASTM D 1037-99
(2001) for evaluating properties of wood-based
fiber and particle panel materials and ANSI
A208.2-2002 (2002) for evaluating MDF for in-
terior application. Flexural properties were de-
termined on specimens of 338 by 75 mm. Three
specimens were cut from each panel for flexural
properties testing, producing nine specimens in
total for each clone. Ten IB specimens of 50 by
50 mm were taken from each panel, resulting in
thirty specimens for each clone. LE was mea-
sured from two specimens of 305 by 76 mm
taken from each panel, for a total of six per
clone. Specimens of 152 by 152 mm were used
for both TS and water absorption assessment;
two were cut from each panel, making six speci-
mens in total for each clone. LE specimens were
first stored in a conditioning chamber at 22°C
and 50% RH for 4 weeks until their weight be-
came constant, and after being measured then
kept in another chamber at 22°C and 80% RH
for another 4 weeks until the moisture content of
specimens was checked to be constant equilib-
rium. LE was obtained by the linear variation of
the specimens divided by the length measured at
50% RH. TS was calculated as the increase in
thickness after a 24-h water immersion divided
by the thickness measured on the specimens that
have reached constant equilibrium moisture con-
tent under a condition of 22°C and 65% RH.
Water absorption was calculated as the percent-
age of water absorbed in the specimens after
24-h water submersion based on the weight of
specimens that have reached constant equilib-
rium moisture content at 22°C and 65% RH.
About 1.5 mm was sanded from both surfaces of
all IB specimens before they were glued to
blocks. The weights and dimensions of all speci-
mens for panel flexural properties, internal bond
strength, and dimensional stability were mea-
sured before testing, and densities of these speci-
mens were calculated for the purpose of analysis
of covariance (ANCOVA). Panel density refers
to the density of specimens calculated from the
weight and volume obtained from the specimens
at 22°C and 65% RH after 4 weeks of RH con-
ditioning. Moisture contents of the three types of
panels were measured on the moisture content
equilibrated MOR/MOE specimens after condi-
tioning while following the methods described
in ASTM D 1037-99 (2001). Panel density pro-
files were determined from the ten IB specimens
before they were sanded and glued to blocks,
and the collected data were averaged for the
three types of panels. The surface and bottom of
each IB specimen were marked clearly to ensure
that the directionality of the surfaces was main-
tained during density profile testing.
Fiber size measurement
It was reported that fibers with different size
distribution may affect MDF panel properties
(Groom et al. 1999). Thus, a Bauer-McNett
Classifier was used to determine the fraction dis-
tribution of fibers generated from the three pop-
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lar clones. The procedures described in TAPPI T
233 cm-95 were followed for the measurement.
Data analysis and statistical methods
Statistical Analysis System (SAS) (1990)
software package was used for data analysis in
this study. Analysis of variance (ANOVA) was
employed to compare the mean property values
of MDF panels made from three poplar clones.
Since the influence of panel density on panel
properties, especially on flexural properties, has
been reported in several studies (Maloney 1993;
Olson 1996; Peter et al. 2002; Shi et al. 2005),
ANCOVA was also performed using panel den-
sity as a covariate for the purpose of adjusting
the mean MOR and MOE values, which were
partly attributed to panel density. The removal
of panel density influence on panel properties
can improve the precision of the analysis and
meanwhile reduce the error. Before performing
ANCOVA, assumptions such as homogeneity
and linearity of within-group regression, ran-
domization, statistical independence of covariate
and treatment, etc, must be tested to be sure that
they are met; otherwise, the analysis will lead to
misleading results (Huitema 1980). All pairwise
multiple comparison procedures were conducted
to compare the adjusted means using the PDIFF
option in SAS with an  level of 0.05.
Simple linear regression analysis was also
performed as a consequent statistical technique
to develop equations describing the relationships
between MOR, MOE, and panel density.
RESULTS AND DISCUSSION
Fiber size analysis
The size distributions for the three types of
fibers are shown in Table 1. Since fibers distrib-
uted in 0–14, 14–28, 28–48, 48–200 and >200
mesh ranges for the three clones were similar,
we assumed that the refining process produced
fibers with similar size for the three clones.
Therefore, fiber size had the same effect on the
properties of the three types of panels.
Wood density, compaction ratio, and
density profile
Panel average densities and compaction ratios
are presented in Table 2. In this study, the rela-
tionships between compaction ratio and panel
properties were not apparent because only a very
narrow range of wood basic density was in-
volved in the experiment; nevertheless, the ad-
justed MOR and MOE of the three groups ap-
peared statistically different because the preci-
sion of the analysis was improved with the use
of ANCOVA.
Slight differences existed among the average
density profiles of MDF panels made from the
three poplar clones as shown in Fig. 1 even
though we made these panels under the same
press schedule. Small difference in mat moisture
content (10.7%, 11.7%, and 12.3%) seemed not
to be a cause of different panel properties. So the
slight difference in density profile might result
from fiber origin while panels were compressed
under heat and pressure. Since the density pro-
files of the three types of panels were nearly
comparable, it is assumed that differences in
panel properties were not a cause of density pro-
file. However, the flatter density profile with
large face layer thickness may lower the flexural
properties of all types of panels.
Flexural properties
Modulus of rupture (MOR).—The unadjusted
mean MOR of MDF panels made from the three
poplar clones are shown in Table 2. No signifi-
cant difference was found in MOR among the
panels from the three clones by Duncan’s mul-
TABLE 1. Size distribution of fibers produced from three












915303 0.95 1.90 3.10 2.38 1.67
915311 1.04 1.39 2.94 2.84 1.79
915313 1.02 1.25 2.97 3.59 1.17
Note: Numbers in column ‘0 – 14’, ‘14 – 28’, ‘28 – 48’, and ‘48 – 200’ were
respectively weights of fibers retained on 14, 28, 48, and 200 mesh screens.
Numbers in column ‘>200’ were weights of fibers passed 200 mesh screen.
Methods in Tappi 223 cm-82 were followed.
Shi et al.—PROPERTIES OF MDF PANELS FROM POPLAR CLONES 633
tiple-range test at the 0.05 of significant level if
the effect of panel density was not taken into
account. However, as mentioned previously,
panel density is a factor in determining panel
properties considerably (Maloney 1993; Olson
1996; Peter et al. 2002; Shi et al. 2005). Panel
density was then analyzed as a covariate using
ANCOVA in order to eliminate its effect on
MOR and adjust mean MOR values. First, the
assumptions of ANCOVA such as linearity and
homogeneity of within-group regressions were
tested to ensure the data fit the ANCOVA
model. All the assumptions were met. A statis-
tical comparison of ANOVA and ANCOVA for
MOR is presented in Table 3. F  0.78 (P 
0.4702) was obtained from ANOVA, showing
that there were no significant differences in
panel MOR among the three types of panels.
With the use of ANCOVA, F  4.50 (P 
0.0236) was acquired, which was to say that
here, the clonal variation effect on panel MOR
was significant (  0.05). The results from
regression analysis indicate a significant linear
relationship between MOR and panel density for
all three types of panels. The effect of panel
density on MOR was indicated by a significant
linear regression test, where F  96.99 (P <
.0001) was calculated (Table 3, Fig. 2). The ad-
justed mean MOR for the three types of poplar
panels are listed in Table 2. MOR of MDF pan-
els made from clone 915311 was significantly
higher than that of panels from clones 915303
and 915313; there was no significant difference





















































































































































































































































































































































































































































































































































































































































































































































FIG. 1. Average density profiles of MDF panels made
from three hybrid poplar clones
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Modulus of elasticity (MOE).—The same ana-
lytical procedures were employed for MOE data.
According to ANOVA, no significant differ-
ences were found between panels made from the
three hybrids by Duncan’s test (Table 2). Con-
sequently, ANCOVA was performed in order to
eliminate the effect of panel density on MOE.
ANCOVA assumptions were tested by verifying
linearity and homogeneity of within-group re-
gressions. A linear regression test was signifi-
cant, and the slopes of within-group regression
were all equal, meaning that there were no in-
teractions existing among the three groups
(Table 3, Fig. 3). The adjusted mean MOE were
calculated by using the same regression slope for
the three types of panels, and the results are
presented in Table 2. MOE of MDF panels made
from clone 915311 was significantly higher than
that of panels made from clones 915303 and
915313, while MOE of panels made from clone
915303 was the smallest and significantly lower
than that of panels from clone 915313 (Table 2).
The precision of testing was greatly improved
and error was reduced by using ANCOVA.
FIG. 2. Relationship of modulus of rupture (MOR) to
panel density. Note: y1, y2, y3 correspond to modulus of
rupture (MOR) of MDF panels made from hybrid poplar
clones 915303, 915311, and 915313, respectively; x refers
to panel density.
FIG. 3. Relationship of modulus of elasticity (MOE) to
panel density. Note: y1, y2, y3 correspond to modulus of
elasticity (MOE) of MDF panels made from hybrid poplar
clones 915303, 915311, and 915313, respectively; x refers
to panel density.
TABLE 3. Comparison of analysis of variance (ANOVA) and analysis of covariance (ANCOVA) of modulus of rupture
(MOR) and modulus of elasticity (MOE) of MDF panels made from three hybrid poplar clones.
Statistical
methods Variations MOR(MPa) MOE (MPa)
ANOVA Source DF SS F-value Pr > F DF SS F-value Pr > F
Model 2 8.03 0.78 0.4702 2 69646.52 0.97 0.3948
Error 24 123.67 24 864891.78
Corrected total 26 131.70 26 934538.30
ANCOVA Source DF SS F-value Pr > F DF SS F-value Pr > F
Model 5 122.06 53.21 <.0001 5 904321.06 125.69 <.0001
Error 21 9.63 21 30217.23
Corrected total 26 131.70 26 934538.30
Source DF Type I SS F value Pr > F DF Type I SS F value Pr > F
Clone 2 4.13 4.50 0.0236 2 84785.87 29.46 <.0001
Density 1 117.92 257.01 <.0001 1 814560.74 566.09 <.0001
Density*clone 2 0.01 0.01 0.9869 2 4974.46 1.73 0.2019
Source DF SS F-value Pr > F DF SS F-value Pr > F
Regression 1 122.05 96.99 <.0001 1 899346.60 195.93 <.0001
Adjusted treatment 2 4.13 4.92 0.0166 2 84785.87 27.71 <.0001
Error 21 9.65 21 35191.69
Note: SS is sum of square. DF is degree of freedom. F values were significant at p  0.05.
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Internal bond strength
The mean IB of MDF panels made from
clones 915303 and 915311 was significantly
higher than that of panels from clone 915313;
but there was no significant difference in IB
strength between the panels made from clones
915303 and 915311 by Duncan’s multiple-range
test (Table 2).
Dimensional stability
LE, TS, and water absorption of MDF panels
made from the three poplar clones were not sig-
nificantly different at a significance level of 0.05
(Table 2). Therefore, the clonal variation effect
on MDF panel dimensional stability was not sig-
nificant.
Panel density versus MOR/MOE
Panel density affected panel flexural proper-
ties considerably. Significant linear relationships
between panel density and panel MOR and
MOE for all three types of panels were found as
mentioned previously. Equations describing the
relationships were developed using simple linear
regression from the model Y  a + bX, where Y
represents panel MOR or MOE, and X is panel
equilibrium density. The equations are shown in
Fig. 2 and Fig. 3. The equations apply only to
the panels made from hybrid poplar fibers with
processing and manufacturing techniques simi-
lar to those used in this study.
Panel density is one of the most important
factors in determining MDF panel flexural prop-
erties. Panel MOR and MOE can be improved
by increasing panel density. This is due to more
fibers being used in heavier MDF panels and
more resistance against mechanical loads (Malo-
ney 1993).
CONCLUSIONS
The following conclusions can be made from
this study:
1. MOR of MDF panels made from clone
915311 was significantly higher than those of
panels from clones 915303 and 915313; how-
ever, there was no significant difference in
MOR between panels made from clones
915303 and 915313.
2. MOE of MDF panels made from clone
915311 was the highest and was significantly
different from those of panels from clone
915303 and 915313; MOE of panels from
clone 915303 was the smallest and was sig-
nificantly lower than that of panels from
clone 915313.
3. MDF panels made from either clone 915303
or 915311 were superior to panels from clone
915313 in IB strength; there was no signifi-
cant difference in IB between panels made
from clone 915303 and 915311.
4. No significant differences were found in LE,
TS, and water absorption among panels made
from the three poplar hybrids; the effect of
clonal variation on the dimensional stability
of hybrid poplar MDF panels was not appre-
ciable.
This study shows that clonal variation had a sig-
nificant effect on the flexural properties and in-
ternal bond strength of hybrid poplar MDF pan-
els; however, its effect on panel dimensional sta-
bility was not significant. Thus, it is likely that
improvement in panel flexural properties and in-
ternal bond strength can be achieved through
tree breeding.
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